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1 These authors contributed equally to this work.Several studies suggest that the open reading frame 3 (ORF3) gene of porcine epidemic diarrhea
virus (PEDV) is related to viral infectivity and pathogenicity, but its function remains unknown.
Here, we propose a structure model of the ORF3 protein consisting of four TM domains and forming
a tetrameric assembly. ORF3 protein can be detected in PEDV-infected cells and it functions as an
ion channel in both Xenopus laevis oocytes and yeast. Mutation analysis showed that Tyr170 in
TM4 is important for potassium channel activity. Furthermore, viral production is reduced in
infected Vero cells when ORF3 gene is silenced by siRNA. Interestingly, the ORF3 gene from an atten-
uated PEDV encodes a truncated protein with 49 nucleotide deletions, which lacks the ion channel
activity.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction ORF3 gene of several coronaviruses, including transmissible gastro-Porcine epidemic diarrhea virus (PEDV) is an enveloped single-
stranded RNA virus that causes diarrhea in pigs of all ages and fatal-
ity inneonates [1]. The virus is amemberof the familyCoronaviridae
and outbreaks causing heavy economic losses have been reported in
many swine-raising countries such as Europe and Asia [2], despite
the use of vaccines. In some countries such as China, damage caused
by PEDV infection is continuous and serious.
The pattern of a potential gene located between the S and E
genes is conserved in all three groups of coronavirus genomes. Only
the genomes of SARS-CoV, HCoV-NL63 and PEDV have one com-
plete ORF in this locus, whereas the genes in ﬁve other coronavirus-
es are truncated with only short ORFs due to mutations [3]. Thechemical Societies. Published by E
us; ORF, open reading frame;
Ringer’s-like solution; TEVC,
D, transmembrane domain;
MOI, multiplicity of infection
of Molecular Virology and
hai Institutes for Biological
Chongqing Road, Shanghai
451 85935073 (L. Feng).
s.ac.cn (B. Sun).enteritis virus (TGEV), can be recognized with insertions and dele-
tions suggesting this area of the genome may be involved in viral
pathogenicity [4].
Studies have shown that the ORF3 gene of PEDV has unexpected
genetic variability [5]. For example, wild-type and cell culture
adapted PEDV have almost complete sequence identity, with the
exception of variations and truncations in the ORF3 gene [5–9].
The function of the ORF3 gene product in PEDV is unknown.
We have previously demonstrated that SARS-CoV ORF3 encodes
a novel structural protein 3a that forms an ion channel and modu-
lates virus release [10]. Based on the similarity in the genome orga-
nization between SARS-CoV and PEDV, we predict that the ORF3
protein of PEDV may have a similar function as SARS-CoV 3a. Here,
we adapted the methods used for SARS-CoV 3a (10) to generate a
computational model of PEDV ORF3 protein. We detect its potas-
sium ion channel activity using Xenopus laevis oocytes and a potas-
sium uptake-deﬁcient strain of Saccharomyces cerevisiae. We show
that virus production is reduced when using siRNA to knockdown
ORF3 expression during PEDV infection. In vivo experiments also
show that the existence of full length ORF3 is associated with
pathogenesis. We thus demonstrate that the ORF3 protein of PEDV
functions as an ion channel and enhances virus production.lsevier B.V. All rights reserved.
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2.1. Viruses and cells
Vero cells were maintained in Dulbecco’s modiﬁed Eagle’s
essential medium supplemented with 10% fetal bovine serum
and cultured at 37 C in a humidiﬁed atmosphere with 5% CO2.
Wild type PEDV CV777 was provided by M. Pensaert (Gent Bel-
gium) and passaged 3 times in colostrum-deprived piglets [11].
Attenuated PEDV was obtained from serial passaged Vero cells.
The virus was cultured in Vero cells supplemented by Eagle’s min-
imal essential medium (EMEM, Invitrogen, Carlsbad, USA) contain-
ing 10 lg/ml trypsin (Invitrogen) following Hofmann and Wyler
[12]. Brieﬂy, stock virus was inoculated to a conﬂuent monolayer
of Vero cells and placed at 37 C and 5% CO2. After 48–72 h, prog-
eny virions were harvested and passaged for 147 passages in Vero
cells until use as the vaccine strain against PEDV [13].
2.2. Plasmid DNA and antibodies
The PEDV ORF3 gene was cloned into a T-tailed vector, pMD18-T
(TaKaRa Biotechnology Co. Ltd., Dalian, China) according to manu-
facturer instructions. The DNA clone was sequenced by Shanghai
Sangon Biological Engineering Technology & Services Co. Ltd.
(Shanghai, China). At the C terminus of the ORF3 protein sequence,
a HA tag was added and cloned into pCAGGS-PEDV-HA (pCAGGS
vector was kindly provided by Jun-ichi Miyazaki, Osaka University).
The ORF3-EGFP fusion protein expression plasmid pEGFP-ORF3was
constructed by cloning the ORF3 gene into plasmid pEGFP-C1
(Clontech, Mountain View, USA). Three deletions (82-98del, 118-
139del, 151-172del) were introduced into PEDV ORF3 plasmids
constructed by QuikChange mutagenesis kit (Stratagene, La Jolla,
USA). PEDV ORF3 gene was cloned into pYES2 plasmid (provided
by Song Wei, Shanghai Institute of Biological Sciences) for yeast
complementation assays. Monoclonal antibody anti-HA and poly-
clonal antibody anti-actinwere purchased from Santa Cruz Biotech-
nology (Santa Cruz, USA). The polyclonal antibody anti-PEDV ORF3
was obtained from the Antibody Research Center (Shanghai Insti-
tute of Biochemistry and Cellular Biology, Chinese Academy of
Sciences). This polyclonal antibody was custom-produced against
synthetic peptide (VVKDVSKSVNLSLDAVQELEL) derived from the
PEDV CV777 ORF3 protein.
2.3. Computational method
The approach to derive structural data for the assembly of viral
membrane proteins within a two dimensional lipid bilayer envi-
ronment has been described previously [14].
2.4. Western blot
Vero cells were infected with PEDV at a multiplicity of infection
(MOI) of 0.1 for 48 h. Virus-infected and mock-infected cells were
collected and lysed in sodium dodecyl sulfate (SDS) sample buffer
(60 mM Tris–HCl (pH 6.8), 2% SDS, 10% glycerol, 5% 2-mercap-
toethanol, 0.01% bromophenol blue), followed by boiling for 5 min.
Western blotting was carried out as previously described [10].
2.5. Electrophysiology
The ORF3 cDNA was cloned into pNWP vector downstream of a
SP6 promoter used for mRNA in vitro transcription. PCR products
were digested with restriction enzymes SalI and BglII and ligated
into the plasmid. ORF3 cRNA was synthesized by the mMESSAGE
mMACHINE high-yield capped RNA transcription SP6 kit (Ambion,Austin, USA) and injected into X. laevis oocytes (10 ng per oocyte).
Oocytes were obtained and prepared as previously described [15].
Forty-eight hours after injection, oocytes were used for electro-
physiology and immunoﬂuorescence. Two-electrode voltage clamp
(TEVC) equipment (Turbo TEC 10, NPI Electronic, Tamm, Germany)
was used to record currents from the plasmamembrane of Xenopus
oocytes with or without expressed ORF3 protein. The standard
voltage-clamp protocol consisted of rectangular voltage steps of
300 ms. Steady-state I-V dependencies were from 150 to
+30 mV in 10 mV increments applied from a holding voltage of
60 mV. Microelectrodes were ﬁlled with 3 M KCl and had a resis-
tance of 0.5–1 MX. The oocytes were superfused at room temper-
ature (approximately 22 C) with standard bath solution (ORi
containing 90 mM NaCl, 2 mM KCl, 2 mM CaCl2, and 5 mM Hepes
(pH 7.4)). The experimental solution comprised 100 mM KCl,
1.8 mM CaCl2, 1 mM MgCl2 and 5 mM Hepes (pH 7.4).
2.6. S. cerevisiae complementation assays
Yeast potassium uptake complementation experiments were
performed [16]. The PEDV ORF3 gene was transformed into
W303 yeast strain R5421 (ura3-52 his3D200 leu2 D1 trp1 D1
ade2 trk1 D::HIS3 trk2 D::HIS3) (from Richard F. Gaber, North-
western University) deﬁcient in endogenous K+ uptake systems
(trk1 and trk2 mutations). Yeasts from the same stock were grown
in parallel under non-selective conditions on YNB plates supple-
mented with 100 mM KCl and on selective conditions on normal
YNB medium without additional K+. Growth experiments were
performed at 30 C.
2.7. siRNA knockdown
The design of siRNA that can speciﬁcally knockdown genes en-
coded by targeted sgRNA has been described elsewhere [17].
According to the convention [18], we design a PCR forward primer
CCTTGTCTACTCAATTCAAC, to amplify and subsequently to deter-
mine the sequence of junction sites of the subgenomic mRNA spe-
cies. However, the leader-mRNA junction of the ORF3 subgenomic
mRNA between the wild PEDV and attenuated PEDV was the same,
different from Tobler and Ackermann [18]. The siRNA target
sequence (TGCAGTGATGTTTCTTGGA) was chosen according to
criteria previously described [19] and chemically synthesized by
Ribobio (Guangzhou, China). siRNA sequence: sense 50UGCAGUGA-
UGUUUCUUGGAdTdT30; antisense 30dTdT ACGUCACUACAAAGA-
ACCU50. siRNA was cotransfected at a concentration of 50 nmol
with PEDV ORF3 expression plasmid (0.5 ng) into Vero cells in a
24-well plate. An unrelated control siRNA (si-NC) was included in
the experiment as the negative control. After culture for 48 h, the
effects of siRNA in suppressing PEDV ORF3 expression were deter-
mined by Western blot assay using anti-HA antibody. Vero cells
used for virus infection were ﬁrst transfected with siRNAs at differ-
ent concentration by using Lipofectamine 2000 (Invitrogen) before
being infected with the virus. After incubation for 6 h, cells were in-
fected with PEDV at a multiplicity of infection (MOI) of 0.1. Forty
eight hours after infection, cells and culture supernatants were col-
lected for viral production measurement.
2.8. Measuring virus production
Virus production was determined using two methods. First, vir-
al genomic RNA copies in culture supernatants were detected
through real-time quantitative RT-PCR. RNA was collected using
Trizol (Invitrogen). Copies of viral RNA were determined by real
time PCR using the Qiagen One Step RT-PCR Kit in triplicate. The
PEDV N gene was ampliﬁed using the primer pairs PEDV sense:
GCAACAGCAGAAGCCTAAGCAG, antisense: CTTTGAGGTCACGTTCC-
386 K. Wang et al. / FEBS Letters 586 (2012) 384–391TTCGA. Second, amounts of infectious PEDV particles were mea-
sured via TCID50 assay.
3. Results
3.1. Structure prediction and computational modeling of PEDV OFR3
protein
To predict TMD of the ORF3, ﬁve different programs were used
including DAS [20], TMHMM [21], TMpred [22], MPEx (http://Fig. 1. Structure prediction and computational modeling of PEDV OFR3 protein. Predictio
virus (PEDV) CV777 using different secondary structure prediction programs (A). Residu
dynamics (MD) simulations and assembly. Representation of three PEDV ORF3 protein a
lowest models (D). View onto the bundle with tyrosines (blue) and phenylalanines (gre
view of the bundles with Lys-55 (yellow), serines (pink) and threonines (green) highlighblanco.biomol.uci.edu/mpex) and TopPred [23]. Based on these re-
sults, helices are assumed to be: TM1 (Gln-40 to Ser-63), TM2 (Arg-
75 to Ile-97), TM3 (Tyr-116 to Tyr-139) and TM4 (Gly-150 to Ile-
173) (Fig. 1A). The four helices were then assembled in a concerted
fashion to form the monomer. Bundles formed by assembling in a
concerted fashion from the monomers (Fig. 1B) (11). A feature all
bundles shared was helix 4 facing the pore. His-152 in TMD4
was located on an interhelical face. Tyrosines and phenylalanines
appeared to be randomly distributed in all models. This ﬁnding
was also observed in a side view of the bundle (Fig. 1C). Notably,n of the transmembrane (TM) parts of ORF3 protein from porcine epidemic diarrhea
es highlighted in red reﬂect the consensus sequence and were used for molecular
ssemblies with the lowest potential energy on the left (B) and second (C) and third
y) highlighted (top row). Respective side views are shown in the middle panel. Top
ted.
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the lipid membrane (Fig. 1C). Serines and threonines (helix 4) face
the pore in bundle 1, whilst in bundle 3 threonines and lysines (he-
lix 3) point towards the center (Fig. 1D). Based on the computa-
tional design of this experiments we propose that helix 4 is the
most likely helix to be involved in the formation of the pore.
3.2. PEDV ORF3 gene is functionally expressed in Xenopus oocytes and
enhances membrane current
Since we predicted that ORF3 may be a transmembrane protein,
we used a PEDV ORF3-speciﬁc polyclonal antibody to detect its
expression in viral infected Vero cells. The PEDV CV777 strain
has a 675 bp open reading frame – ORF3 between S and E gene,
which encodes 224 amino acids. Western immunoblot showed
that a protein of apparent molecular mass of 26 kDa is found in
the PEDV CV777 infected cells, but not in the mock infected Vero
cells (Fig. 2A).
We previously demonstrated that 3a protein of SARS-CoV forms
an ion channel which permits potassium ions to pass through the
cell membrane [10]. To investigate whether PEDV ORF3 has a sim-
ilar function, PEDV ORF3 cRNAs obtained by in vitro transcription
were microinjected into X. laevis oocytes and the trans-membrane
currents measured using the two electrode voltage clamp (TEVC)Fig. 2. The PEDV CV777 ORF3 protein forms an ion channel. (A) ORF3 protein was teste
injected oocytes are immunolabeled with anti-HA and monitored by confocal microsco
(TEVC) in these PEDV CV777 ORF3 (wt) expressed oocytes, compared with water injected
solution than in barium ions containing standard bath solution. (E) PEDV ORF3 channel c
mutants transformed with PEDV CV777 ORF3 genes and pYES2 vector, respectively.technique. Both ORi and high potassium solutions were used as
bath solutions. HA tagged PEDV ORF3 protein expression was re-
vealed on oocyte cell membranes through confocal microscopy
(Fig. 2B). The TEVC data showed that when oocytes express PEDV
CV777 ORF3, membrane current increased obviously compared
to the oocytes injected with water (Fig. 2C). Furthermore, in
100 mM potassium solution, oocytes expressing PEDV CV777
ORF3 show much larger currents than that in ORi (containing
90 mM NaCl, 2 mM KCl) solution. These data suggest that PEDV
ORF3 protein may be permeable to potassium ions. When a potas-
sium channel inhibitor, BaCl2 was applied, the ORF3 mediated cur-
rent was inhibited (Fig. 2D). PEDV ORF3 protein clearly has an ion
channel function, with a preference for potassium ions.
To further conﬁrm potassium ion channel activity we used
yeast complementation assays to test whether the PEDV ORF3
could function as a plasma membrane K+ channel. A potassium up-
take-deﬁcient strain of S. cerevisiae (W303, trk1D trk2D) can grow
normally on media containing 100 mM K+, but it cannot grow on
low potassium media (7 mM K+). However, the growth of
Dtrk1trk2 knockout yeast in low-K+ medium can be rescued by
exogenous potassium channel expression. Our data shows that
all yeasts grew well on a medium with a high K+ concentration.
In contrast, yeast transformed with the pYES2 vector failed to grow
on a low-K+ medium, and yeast transformed with pYES2-ORF3 didd in PEDV infected cells by western blot. (B) Water-injected and PEDV ORF3-cRNA-
py. (C) Typical current traces that can be detected by two-electrode voltage clamp
control oocytes. (D) PEDV CV777 ORF3 (wt) shows larger current in 100 mM K+ bath
an complement K+ channel deﬁcient yeast. Growth phenotype of yeast Dtrk1Dtrk2
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consistent with the trace obtained using TEVC above. Therefore, it
appears that the PEDV ORF3 coded protein forms an active plasma
membrane potassium ion channel.
3.3. Deletion and mutation analysis of the ORF3
Following the output from TMpred, a series deletion across TM
1-4 was constructed. The proteins with either amino acids deleted
at positions 40–63 in TM1 (40-63del), 82–98 in TM2 (82-98del),
118–136 in TM3 (118-139del) or 151–172 in TM4 (151-172del)
were constructed and potassium channel activity tested in K+ up-
take deﬁcient yeast (Fig. 3A). We found that genes with these four
deletions could not rescue the growth of mutant yeast in low-K+
medium, which imply these TM domains have an important func-
tion in potassium ion channel activity.
Consistent with the results of yeast K+ uptake complementation
experiments, the 82-98del and 151-172del protein lost ion channel
activity in X. laevis oocytes tested under TEVC (Fig. 3B). To deﬁneFig. 3. Deletion and mutation analysis of PEDV ORF3 gene. (A) TM truncated ORF3 could
82-98del and 151-172del mutant proteins lost channel activity in oocytes. (C) Tyr-170 in
Tyr-170 replaced by alanine in TM4 domain) mutant shows only half the wild-type curwhich amino acid is crucial, based on the computer modeling anal-
ysis, few amino acids (His-152, Ser-159, Phe-163, Ser165, Asp-168
and Tyr-170) in TM4 are mutated to Ala. Their potassium ion chan-
nel activity was tested in both yeast and oocytes systems. We
found that amino acid Y170 is very important for potassium chan-
nel activity (Fig. 3C). In conclusion, PEDV CV777 ORF3 protein
plays a role in ion channel activity.
3.4. The ion channel activity is reduced in ORF3 protein of attenuated-
type PEDV
It is well documented that attenuated-type PEDVs exhibit re-
duced pathogenicity in pigs, and a large deletion region is present
in all PEDV live vaccine strains [9]. It was interesting to observe
that the ORF3 gene of an attenuated-type virus has 49 nucleotide
deletions, leading to a reading frame-shift and TAG terminator at
274nt. Thus, attenuated PEDV ORF3 encodes a truncated protein
of 91 amino acids that lacks the TM3 (116–139aa) and TM4
(151–172aa) domains, compared to the 224 amino acids ofnot complement the growth phenotype of the potassium uptake-deﬁcient yeast. (B)
TM4 domain is important for potassium channel activity. Y170A (a single amino acid
rent, on average. Wt stands for wild-type PEDV ORF3.
Fig. 4. The ORF3 gene of an attenuated-type PEDV encodes a truncated protein and shows less channel activity. (A) Sequence alignment of Vector NTI 9.0 with PEDV. (B)
Current–voltage relationships of wild-type CV777 and attenuated-type PEDV ORF3 mediated ionic currents in oocytes by TEVC.
K. Wang et al. / FEBS Letters 586 (2012) 384–391 389wild-type PEDV (Fig. 4A). In the TEVC experiments, the current
activity was determined in the ORF3 genes from attenuated and
wild-type PEDV. The results showed that the mean steady-state
current at 150 mV was 200 nA for truncated ORF3 coded by
attenuated PEDV expressed in X. laevis oocytes in 100 mM potas-
sium solution, while the wild-type PDEV ORF3 had a current of
800 nA (Fig. 4B). These results suggested that wild-type ORF3
functions as an ion channel protein and may be involved in the
pathogenesis of the disease infection.
3.5. The suppression of ORF3 expression in virus infected cells inhibits
wild-type PEDV production
To test whether PEDV ORF3 can regulate virus production as
similar as 3a protein of SARS [10], PEDV ORF3 gene was silenced
in infected cells and the intracellular and extracellular viral RNA
and particles were examined accordingly. A siRNA targeted the lea-
der-mRNA junction site of the ORF3 subgenomic mRNA (sgRNA)
which can speciﬁcally knockdown the ORF3 gene was designed
(Fig. 5A) and its expression in the cells was checked (Fig. 5B). When
ORF3 protein expression was knocked down by siRNA in the wild-
type PEDV-infected Vero cells, the number of copies of viral geno-
mic RNA in the cell culture supernatant was reduced with a dose-
dependent manner (Fig. 5D). The virus genome copies were re-
duced 4-fold compared to the control siRNA (siNC) when the high-
est concentration of siRNA (50 nM) was used during PEDV
infection. However, the intracellular virus RNA level had no signif-
icant change (Fig. 5C). The number of infectious PEDV particles inculture supernatants determined by TCID50 assay, and the wild-
type PEDV showed a signiﬁcantly decrease in infectious viral par-
ticles (Fig. 5F). However, no obvious change has been observed in
the intracellular virus RNA level (Fig. 5C) and infectious viral parti-
cles of attenuated-type PEDV (Fig. 5E and F). These results suggest
that the ORF3 protein of PEDV has similar a function in controlling
infectious virus production as the 3a protein of SARS-CoV.
4. Discussion
The genomes of viruses are known to code for a number of ion
channels, referred to as channels [24,25] or viroporins [26,27]. In
addition to pathogenesis, viroporins play a role in virus assembly
and release. In the Coronaviridae, it is known that the E proteins
of MHV, SARS-CoV, HCoV-229E and IBV exhibit viroporin activity
[28–34]. Our group has previously found that the protein 3a of
SARS-CoV could form an ion channel and modulate virus release
[10] and here we show that PEDV ORF3 gene also encodes an ion
channel protein and regulates virus production.
Using different structure prediction programs we predicted that
the ORF3 protein of wild-type PEDV CV777 contained helical TMDs
from residues 40–63 (TM1), 74–97 (TM2), 118–136 (TM3) and
151–172 (TM4). However, a 91aa protein encoded by the attenu-
ated-type PEDV ORF3 is missing TM3 and TM4. The ORF3 bundle
shows features of a pore lined by hydrophilic residues such as ser-
ines, tyrosines and lysines. In the TEVC experiments, it was demon-
strated that the attenuated-type PEDV ORF3 was signiﬁcantly
reduced current activity as compared to the wild-type.
Fig. 5. The virus production is reduced on knockdown of the ORF3 gene by siRNA. (A) Schematic diagram showing the design of siRNA for knockdown of speciﬁc PEDV ORF3
subgenomic mRNA. (B) The siRNA knockdown efﬁciency was checked by western blotting in PEDV ORF3 expression plasmid and siRNA cotransfected cells. (C, D) The relative
virus yield is quantiﬁed by real-time RT-PCR, and also titered by TCID50 Assay (E, F). Fifty nanomolar unrelated control siRNA was used as negative control (NC), and the
results from siRNA-pretreated cultures were compared with those from control transfectant (NC, deﬁned as 100%). (⁄P < 0.05, ⁄⁄P < 0.01, compared with NC).
390 K. Wang et al. / FEBS Letters 586 (2012) 384–391Furthermore, as the model prediction, when the residue Tyr-170 in
TM4 is mutated to Ala, the potassium ion channel activity was re-
duced in both yeast and oocytes systems. Our proposed bundle can
be used for future mutation experiments that can measure channel
activity.
Seong-Jun Park et al. [9] analyzed the ORF3 gene sequence of
wild-type and attenuated PEDV and found that attenuated PEDV
strain DR13 has a deletion from 82 to 98aa, but this is missing from
TM2 according to our prediction data. The 82-98del and truncated
proteins (91aa protein encoded by the attenuated-type PEDV in
our study) show less channel activity in both X. laevis oocytes
and yeast. Only the wild-type PEDV encoding full length ORF3 pro-
tein (224aa) has high potassium channel activity. It appears that
ion channel activity of the ORF3 protein is associated with the vir-
ulence of PEDV; however, the detailed mechanism of how this ion
channel regulates virus production and virus pathogenesis needs
further studies.In conclusion, this study proposes a putative structural model
and demonstrated the function of the PEDV ORF3 protein. It may
be an appropriate drug target against coronaviruses. Further study
of the PEDV ORF3 gene may also help us to understand the role it
plays in PEDV infection.
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